Background: Recent evidence suggests that statins may prevent cancer.
K
eratinocyte carcinoma consists of basal cell carcinoma (BCC) and squamous cell carcinoma (SCC) and is the most common cancer in the United States, with more than 1 million cases occurring in 2006 (1) . Basal cell carcinoma causes substantial illness, including local tissue destruction and disfigurement (2, 3) . Squamous cell carcinoma metastasizes more frequently than BCC, leading to an elevated mortality risk, particularly in elderly persons (4, 5) . Few effective strategies exist for preventing keratinocyte carcinoma. The most important preventive measure is regular sunscreen use (6) .
Statins reduce cardiovascular morbidity and mortality (7) (8) (9) (10) (11) but are pharmacologically pleiotropic, with preliminary evidence showing beneficial effects in other diseases, including dementia (12, 13) , fractures (14, 15) , and multiple sclerosis (16, 17) . Statins may also prevent cancer by inhibiting the mevalonate pathway (18, 19) . This pathway promotes synthesis of downstream nonsterol isoprenoid derivatives that may block apoptosis and promote tumor growth, angiogenesis, and tumor metastasis (20 -23) . Data on whether statins prevent cancer have been inconclusive, with some studies showing no effect (24) and others suggesting that they are beneficial (25) . These conflicting findings may be due in part to varying effects of statins on cancer in different tissue types or locations (26) .
We aimed to estimate the association between statin use and new lesions of keratinocyte carcinoma in the Veterans Affairs (VA) Topical Tretinoin Chemoprevention (VATTC) trial sample. The trial followed participants closely and provided standardized and complete assessments of outcomes and potential confounders.
METHODS

Setting and Participants
We conducted a cohort study by linking data from the VATTC trial and the VA Pharmacy Benefits Management database. Details of the VATTC trial have been published elsewhere (27, 28) . The VATTC was a randomized, multicenter, double-blind, vehicle-controlled trial of topical tretinoin, 0.1%, applied to the face and ears for prevention of keratinocyte carcinoma in high-risk veterans conducted from November 1998 to November 2004 at 6 VA medical centers. The study centers were chosen for participation on the basis of factors related to their suitability for serving as centers in the overall randomized trial but were geograph-ically distributed throughout the United States. The 6 locations were Chicago, Illinois; Durham, North Carolina; Miami, Florida; Long Beach, California; Phoenix, Arizona; and Oklahoma City, Oklahoma. Table 1 lists the trial's exclusion criteria.
Eligible veterans were at least 18 years of age, received care at 1 of the 6 participating VA centers, and had 2 or more keratinocyte carcinomas in the 5 years before enrollment (n ϭ 1131). Study personnel received signed informed consent from all participants before enrollment. The 8 relevant institutional review boards approved the study protocol and procedures. We excluded 52 participants without pharmacy claims in the Pharmacy Benefits Management database. We also excluded 42 participants who initiated statin therapy during follow-up, leading to a final sample of 1037 veterans (Figure 1) .
Outcome Ascertainment
The primary outcome was the first occurrence of keratinocyte carcinoma (BCC or invasive SCC) on the face or ears. We did not count recurrent lesions. We chose to combine BCC and SCC, despite certain etiologic differences (such as lag time after ultraviolet exposure, association with genetic mutations, and relation to immunosuppression and human papillomavirus exposure), because they are both skin cancers derived from epidermal cells, the primary cause of both is ultraviolet sun exposure, and their therapies (both pharmacologic and surgical) are nearly identical. Because of the similarities of BCC and SCC, we hypothesized that the statins would penetrate each type of cancer equally, leading to similar pharmacologic activity across tumor types and a similar reduction in the rate of BCC and SCC that would be only minimally affected by their etiologic differences.
Study dermatologists conducted physical examinations at baseline and every 6 months during follow-up. One of 2 central reference dermatopathologists read each biopsy specimen of the face and ears. Both central dermatopathologists read 10% of all biopsy specimens for a VATTC reliability substudy (27) , which showed high reliability for diagnosis of BCC ( ϭ 0.88) and substantial agreement for diagnosis of invasive SCC ( ϭ 0.62) (Appendix Table, available at www.annals.org).
Exposure to Statins
We derived medication use information from the VA Pharmacy Benefit Management database for VATTC participants who used an outpatient VA pharmacy from 29 September 1998 to 15 November 2004. The Pharmacy Benefits Management database contains claims for all prescription transactions from every VA site (29) . More than 99% of prescriptions in the Veterans Health Information Systems and Technology Architecture-the VA gold standard-are recorded in the Pharmacy Benefits Management database (4). We matched the Pharmacy Benefits Management data to VATTC data.
We categorized participants according to their use of statins at their randomization date. We considered participants exposed if they had used any statin (simvastatin, atorvastatin, fluvastatin, lovastatin, or pravastatin) at the date of randomization, although under the VA system at the time, simvastatin and lovastatin were the primary agents used. Because participant accrual occurred throughout the first 4 years of the trial, we had a varying amount of pharmacy claims available before each person was randomly assigned, but had no data before 1998. We hypothesized that statin use at randomization represented longterm use, an assumption supported by an analysis of duration of use on the basis of the available data. Forty-two participants initiated statin therapy during VATTC follow- 
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Article Statins and Keratinocyte Carcinoma up. We excluded initiators because we considered the duration of statin use to be too short to have an effect on the outcome and because there were too few initiators to estimate an effect of short-term use reliably.
We estimated the average daily dose of statins by dividing the product of the dose per tablet and the dispensed quantity by the total days of supply dispensed for each prescription claim. We assumed that simvastatin, atorvastatin, fluvastatin, and pravastatin are equipotent.
Potential Confounders
We considered factors that may affect risk for keratinocyte carcinoma to be potential confounders, including age; sex; race or ethnicity; education; smoking history; sun exposure history; psoriasis; eczema; inflammatory acne; rhinophyma; the number of actinic keratoses at baseline; the number of previous keratinocyte carcinomas; sunscreen use; sun avoidance behaviors; and measures of sun sensitivity, which included variables on hair color, skin color, freckling, reaction to first summer sun exposure without sunscreen, skin oiliness, the year-round presence of tan lines, and the Charlson Comorbidity Index score (30 -34) . We also considered use of tanning beds, chemical peels, 5-fluorouracil, immunosuppressants, nonsteroidal anti-inflammatory agents, other cholesterol-lowering medications, or angiotensin-converting enzyme inhibitors as potential confounders (35, 36) . The primary VATTC intervention, topical tretinoin, did not confound our estimates; hence, it is not included in our final Cox regression and propensity score models.
The VATTC personnel ascertained measures of potential confounders at baseline and at follow-up visits, including measures of sun sensitivity and exposure. The study investigators' questions about these exposures related to various points in the participants' lives, including early childhood, adolescence, and intervals throughout adulthood (for example, age Ն18 years, age 40 to 60 years, or in the 5 years before enrollment). This allowed for adjustment of potential confounders that may have exerted a causal effect at different relevant etiologic periods. Baseline clinical examinations included standardized scales of photodamage, counts and relative intensity of precancerous and other clinically relevant lesions, and questions about the average number of hours spent in the sun at different points in the participants' lives. Other questions ascertained the proportion of time spent in the sun that participants used sun-avoiding techniques (for example, wearing a hat), the annual frequency of sunburns at different life stages, and the presence of previous diagnoses (for example, eczema). During follow-up, study investigators measured what proportion of time participants used their study sunscreen, had sunburns, or were exposed to other potential keratinocyte carcinoma causes (such as tanning beds). The degree of missing data was low (approximately 2% on variables used) and varied with little omitted information in variables on demographic characteristics, smoking, previous sun exposure, and previous diagnoses, but with relatively more omitted information about family history and follow-up sun exposures.
Analytic Approach
We calculated person-time as the number of days from randomization to the first occurrence of an outcome, the date of the last study visit for those who were lost to followup, the date of death, or the date of study termination. The relation between statins and keratinocyte carcinoma was conceptualized a priori; however, because the primary trial evaluated another intervention, there were no formal sample size considerations for our study.
Cox Proportional Hazards Regression
We estimated the association between statin use and keratinocyte carcinoma incidence by using Cox proportional hazards regression models. To evaluate and rule out departures from the proportional hazards assumption, we plotted log-log survival functions and tested the exposure variable for an interaction with time. To evaluate confounding, we first forced age, sex, a measure of intrinsic sun sensitivity, measures of past sun exposure, variables reflecting the study centers, and cigarette smoking into the model. We then used a manual forward selection process, adding the remaining potential confounders one by one. We retained variables in the model that changed the estimated effect of statins on the occurrence of keratinocyte carcinoma by approximately 5% or more. We evaluated categorized measures of sun exposure and sun avoidance behavior at different points in the participants' lives and tested different categorizations of these measures on the basis of empirical distributions. We further adjusted for comorbid conditions by using the Charlson Comorbidity Index (33), which we estimated by using the algorithm described by Romano and colleagues (34) . We adjusted for a summary score of sun sensitivity, which was taken as the numerical average of the answers to 7 questions, each of which ranged from 0 to 1 (least to most sun-sensitive). We modeled covariates by using dummy variables for intrinsically categorical variables. Continuous variables were categorized by using clinically and empirically derived criteria and were modeled in a similar manner. By using Cox regression models, we derived crude and adjusted rate ratios and 95% CIs to estimate whether statin use was associated with a reduction in the rate of keratinocyte carcinoma.
Propensity Score Matching
We also estimated the association between statin use and the occurrence of keratinocyte carcinoma by using propensity score matching (37) . We used logistic regression to estimate the probability of statin use at randomization as a function of the potential confounders. We used a nonparsimonious modeling approach and tested for interactions to maximize the discrimination of the predictive model. To maximize efficiency, we included potential confounders that may be related to the risk for keratinocyte carcinoma, regardless of whether they were associated with statin use (38) . This included all variables used in the Cox regression plus additional variables that fit this criterion. The c-statistic for the predictive models was 0.71, suggesting a moderate overlap between the predicted probability distributions of statin use between users and nonusers. Successful use of propensity score matching is conditional on sufficient overlap of the propensity score distribution among the exposed and unexposed. To maximize matching within the area propensity score distribution overlap, we matched exposed and unexposed participants on the propensity score by using the greedy matching algorithm (39) . The greedy algorithm uses an iterative process to identify the closest matches first and then widens the caliper for matching with each subsequent iteration. We assessed for covariate balance before and after propensity score matching by examining frequency distributions by exposure status. We compared these distributions by using chi-square tests for categorical variables and 2-sample t tests for continuous measures. Suitable matches were not available for 98 statin users, resulting in a propensity-matched sample of 608 veterans after 1-to-1 matching. Using this matched cohort, we estimated adjusted rate ratios and 95% CIs.
Sensitivity Analysis
To evaluate the effect of statin discontinuation during follow-up, we tested the influence of treating the exposure indicator as a time-varying covariate in the Cox regression model, which attributed statin user person-time as unexposed after discontinuation. This approach is informative about whether our definition of statin use misclassifies actual use. Differences in the estimates between the fixedtime and time-varying models may also reflect a true biological effect of statin discontinuation; however, we hypothesized that there would be no difference between the models. We conducted analyses to evaluate the extent and effect of competing risks and loss to follow-up on the findings. We also tested the assumption of noninformative censoring by evaluating the withdrawal rate and competing risks by statin use. We conducted these analyses to evaluate the potential for bias from differential loss to follow-up.
Role of the Funding Source
The Cooperative Studies Program of the Department of Veterans Affairs, Office of Research and Development, supported the main trial and portions of this work. Veterans Affairs Cooperative Studies Program personnel participated closely in the design, data collection, and analysis of the main trial. These same personnel reviewed the manuscript. The authors conducted the design, analysis, and interpretation of the study. The Agency for Healthcare Research and Quality, the American Cancer Society, and the National Institutes of Health provided additional support. These funding sources played no role in the design, conduct, or reporting of this study.
RESULTS
Patient Characteristics
Among the participants, 37% used a statin at randomization. The median follow-up time was 3.5 years for statin users and 3.6 years for nonusers. The median time to first keratinocyte carcinoma or censoring was 2.1 years for statin users and 2.0 years for nonusers. Table 2 shows the characteristics of the full and propensity score-matched study populations. Nearly all study participants were nonHispanic white men. On average, statin users were older than nonusers. Statin users scored higher on the Charlson Comorbidity Index and were more likely to use other cholesterol-lowering medications and angiotensin-converting enzyme inhibitors. Unexposed participants had higher in- ACE ϭ angiotensin-converting enzyme; NSAID ϭ nonsteroidal anti-inflammatory drug. * Estimated by chi-square tests for categorical variables and 2-sample t tests for continuous variables. † The intrinsic sun-sensitivity score is the numerical average of measures of hair color, propensity to sunburn, freckling, untanned skin color, post-sun exposure skin color, and presence of tan lines. ‡ Use of medications at any point from 29 September 1998 to study end.
trinsic sun sensitivity and were more likely to have a history of eczema and use of immunosuppressant drugs. On average, the exposed and unexposed propensity scorematched groups had similar distributions of the measured covariates, including assignment to tretinoin treatment. The characteristics of participants excluded by propensity score matching were slightly different from those of the retained patients. Excluded statin users were more likely to use angiotensin-converting enzyme inhibitors and other cholesterol-lowering medications and were less likely to have a family history of keratinocyte carcinoma. Excluded nonusers were more likely to have rhinophyma, psoriasis, eczema, and a family history of BCC or SCC.
Statin Use
The average duration of statin use during the study was at least 900 days ( Table 3) . At least 80% of patients exposed used a statin for at least 6 months before their date of randomization. The daily dose of statins increased from an average of 18.8 mg per user for their first prescription on record to 34.0 mg for the last. More veterans took high doses of statins later in the study, with 15.4% of participants taking 60 to 80 mg/d at the end of follow-up compared with only 3.8% at randomization. A greater proportion of veterans used highpotency statins (atorvastatin and simvastatin) at the end of the study, whereas use of lovastatin decreased ( Table 3) . Table 4 shows the crude and adjusted rate ratios from the Cox proportional hazards model (n ϭ 1037). Fifty-two percent of participants had keratinocyte carcinoma during follow-up, with 42% of veterans receiving a diagnosis at least 1 BCC and 24% of at least 1 SCC. The crude incidence rate of any keratinocyte carcinoma was 234.8 per 1000 person-years. The crude incidence rates of BCC and SCC were 168.0 and 80.8 per 1000 person-years, respectively. In the unadjusted analysis, use of a statin at randomization was associated with a 17% lower rate of keratinocyte carcinoma. Adjustment by Cox regression for clinical, demographic, and medication use characteristics, including the primary trial intervention, had little effect on this finding. This reduction was evident after approximately 1 year and persisted throughout follow-up (Figure 2) . The estimated rate ratios were similar to the primary estimates when evaluated for simvastatin and lovastatin separately. The use of other cholesterol-lowering medications was associated with an inconclusive decrease in the rate of keratinocyte carcinoma (rate ratio, 0.86 [95% CI, 0.66 to 1.13]). We found no evidence of an interaction between statin use at randomization and randomization to topical tretinoin in the primary trial.
Risk for Keratinocyte Carcinoma
In the propensity score-matched cohort (n ϭ 608), use of a statin at randomization was not associated with the BCC ϭ basal cell carcinoma; KC ϭ keratinocyte carcinoma; SCC ϭ squamous cell carcinoma. * Adjusted for age; sex; Charlson Comorbidity Index score; cigarette smoking; intrinsic sun sensitivity; number of actinic keratoses; skin oiliness; use of other cholesterollowering medications; sunscreen use; sun exposure; sunburns during childhood, adolescence, and adulthood; and study center. Propensity score-matched estimates are adjusted for the same variables as the Cox regression estimates and cumulative photodamage; psoriasis; eczema; dermatitis; and use of tanning beds, therapeutic ultraviolet therapy, chemical peels, 
DISCUSSION
In our crude model, we found that statin use at randomization was associated with a 17% lower rate of new lesions of keratinocyte carcinoma among high-risk veterans. Adjustment for individual material confounders by Cox regression did not alter this estimate. After approximately 1 year, the difference in risk remained approximately constant and was consistent for BCC and SCC separately. Results of our propensity score-matched analysis, however, suggests that statin use is not associated with the rate of keratinocyte carcinoma. Because of the width of the CIs, these data are inconclusive, but they do not refute the hypothesis that statins may prevent cancer.
Our Cox regression results are consistent with findings from a pooled analysis of clinical trials that found that use of fluvastatin was associated with a 24% reduction in the occurrence of nonmelanoma skin cancer (40) . To our knowledge, no other studies have specifically shown an effect of statins on risk for keratinocyte carcinoma. Most research evaluating the effect of statins on skin cancer has focused on melanoma. A recent systematic review of randomized clinical trials showed no statistically significant reduction of melanoma incidence among users of statins and fibrates (41) . Late-acting etiologic actions are more important for SCC than for BCC (30, 31) , and we hypothesized that statin exposure in this study occurred late in the keratinocyte carcinoma etiologic process. The point estimate for SCC was more protective than for BCC (although not statistically separable), which is consistent with this previous knowledge.
Because our study was inconclusive, it does not refute the hypothesis that statin use is associated with a lower risk for some cancers. Indeed, recent data suggest that statins lower risk for prostate cancer (42) , especially with longterm use (43) or in advanced disease (22, 44, 45) , but seem to have no benefit in colorectal cancer (46, 47) . However, an epidemiology study by Farwell and colleagues (48) found an approximate 25% reduction in total cancer among statin users in the Veterans Affairs New England Healthcare System data (48) . Others found associations between statins and lower risk for renal cell carcinoma (49) but no association with lung and breast cancer (50) .
Data on cancer incidence from large randomized trials of statins have been similarly inconclusive. A recent metaanalysis of randomized trials showed no effect of statins on cancer incidence and death (51) . It is likely, however, that the studies in the meta-analysis were affected by exposure (52) and outcome (53) misclassification and insufficient follow-up time (54) . The relative lipophilicity of statins may influence their cancer prevention efficacy by affecting their target-cell penetration (52) . Hydrophilic agents, such as pravastatin, may not penetrate certain tumor cells, which might render them ineffective or even harmful (52) . The importance of statin lipophilicity may also vary by tumor site. This argues against the notion that statin chemoprevention is a class effect. Moreover, differences in tumor site and characteristics may affect a cancer's sensitivity to statins (53). Each of these issues may have biased the results of the meta-analysis toward the null and may similarly affect individual randomized trials and epidemiology studies.
Many previous studies did not have power to assess cancer outcomes, especially at specific sites; did not rigorously measure cancer outcomes; and were not conducted in participants at high risk for cancer (7) (8) (9) (10) (11) . The VATTC investigators ascertained cases of keratinocyte carcinoma consistently and validly, especially for BCC and the full spectrum of SCC (27) . This rigorous measurement has been unavailable in previous studies (40) . Our approach decreases the possibility of outcome misclassification. However, the reliability estimates from an internal VATTC validation study suggest that, despite these efforts, there is still some error in the outcome measurement, with values for interrater agreement of SCC as low as 0.62 for our outcome of invasive SCC (27) . Any residual misclassification is unlikely to be related to receipt of a statin or error in other variables and would therefore attenuate our estimates. In addition, BCC, which was measured with less error, accounted for most outcomes. Statin users may be more likely than nonusers to seek the services of health professionals. This could lead to increased probability of diagnosing keratinocyte carcinoma in this group that could bias the estimate of the statinkeratinocyte carcinoma relation toward no effect. However, the VATTC investigators examined participants every 6 months and ascertained other keratinocyte carcinoma events through usual care pathology reports. This method makes this bias unlikely in our study. Assuming a true protective effect of statins, long-term users of these drugs may have been less likely to enroll in the VATTC because 1 inclusion criterion was a history of 2 or more keratinocyte carcinomas. However, because these data suggested that statin use was of long duration in the VATTC participants, selection bias by this mechanism is unlikely.
Because we used claims data to ascertain exposure, we cannot be sure that participants who received statins actually took their medication. However, recent work has shown that VA pharmacy claims accurately assess medication use (4). Our study is an improvement over previous work assessing the effect of statin use on various cancers, which may have been affected by exposure misclassification (24) . However, in our study, veterans may have filled prescriptions outside of the VA pharmacy system, which could have led to underascertainment of medication use. To address the possibility that veterans could have filled prescriptions elsewhere, we included only participants who used the VA pharmacy system. This approach ensured similar completeness of drug data among the statin users and nonusers. Moreover, veterans have a financial incentive to fill their prescriptions within the VA system, and evidence suggests that VA pharmacy claims are valid and reliable for ascertaining chronic disease burden (55) . Any exposure misclassification by this mechanism would probably dilute our results.
Our drug use data started in September 1998. Because of this left-censoring, we could not ascertain the date of statin treatment initiation or estimate the actual duration of statin use. However, the available data suggested that statin therapy was of long duration. Results of the timevarying Cox regression model suggest that keratinocyte carcinoma is not immediately sensitive to discontinuation of a statin, which is consistent with the notion that keratinocyte carcinoma has at least a moderate-length empirical induction period and that short-term therapy may be insufficient. In the case of a true biological discontinuation effect or exposure misclassification, an attenuation of the primary estimate in the fixed-time model compared with the time-varying model would be expected. We found no evidence of this, but our study was underpowered to test the effect of statin discontinuation. However, the consistent small decrease in keratinocyte carcinoma risk associated with statin use in these models may reflect residual confounding, which is better controlled in the propensity score-matched analysis.
The VATTC study participants were at high risk for keratinocyte carcinoma. The incidence of keratinocyte carcinoma varies by sex and geographic region (56) . The rates among the unexposed participants in this study were 50 to 100 times greater than those observed in the general population (56) . Whether our findings are generalizable to populations at low or moderate risk is unknown. We found the expected association between well-known risk factors and the occurrence of keratinocyte carcinoma, including male sex, older age, and sun sensitivity (data not shown) (30, 32) .
Confounding by indication is an unlikely noncausal explanation of our estimates because risk factors for keratinocyte carcinoma are unlikely to influence the decision to prescribe statins, but we cannot rule out the possibility of unmeasured confounding. However, the VATTC investigators collected measurements on many potential confounders. This ascertainment of potential confounding factors is a strength of the study. Conducting the study in this setting was preferable to using data from cardiovascular disease prevention studies. There was little material confounding in our study, including among variables that we considered plausibly associated with statin use (for example, health behaviors, such as sunscreen use). This provides further evidence that unmeasured confounding is not at play. The estimated association between the use of other cholesterol-lowering drugs and keratinocyte carcinoma was compatible with chance despite a point estimate that suggests a protective effect. The implication of this finding is unclear, but it does not refute the hypothesis that statins may prevent cancer independently of cholesterol synthesis (20, 21) . Previous work has shown that statin users are generally healthier than similarly aged nonusers (57) . The rate ratios for other preventive therapies (for example, antihypertensives and other cholesterol-lowering agents) and keratinocyte carcinoma were close to 1.0, which suggests that the "healthy-user" effect does not explain our Cox regression findings.
Statins are prevalent, are well tolerated, and have been shown to improve outcomes for persons with cardiovascular disease. Preclinical research has elucidated potential mechanisms of a chemopreventive effect of statins, including beneficial effects on apoptosis and angiogenesis (20, 21) . This study provides inconclusive evidence on the potential protective effect of statin use on the occurrence of cancer. Future studies must test the effect of individual statins on other types of cancer and assess whether this association varies by type of statin, dose, and duration of use. 
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